Bifidobacterium is well known to have an inhibitory effect on the survival, growth, and proliferation of various foodborne pathogens, but the mechanism of the molecular action of B. longum in blocking the invasion of Listeria monocytogenes is not yet well defined. In the present study, following RNA extraction and cDNA synthesis, differential expression of virulence and stress fitness genes in L. monocytogenes and B. longum was determined by real-time PCR. The results indicate that L. monocytogenes virulence factors, including actA, hly, inlA, and plcA, showed significantly downregulated expression during co-incubation of B. longum and L. monocytogenes in phosphate-buffered saline. The relative mRNA levels of oppA and serpin, two stress fitness genes in B. longum, were significantly higher than for the control group. These results indicate that downregulation of L. monocytogenes virulence factors during co-incubation with B. longum might be responsible for the inhibitory effects.
Listeria monocytogenes, a gram-positive, rod-shaped facultative anaerobic bacterium, is a highly fatal opportunistic foodborne pathogen. Exposure to L. monocytogenes can cause severe invasive infection including listeriosis, gastroenteritis, meningitis, and meningoencephalitis.
1) L. monocytogenes is reported to cause the highest hospitalization rates among known food-borne pathogens with additional long-term sequelae in many cases. 2) In the United States, 20% of all clinical infections result in death, and related fatalities are estimated to reach 500 per annum.
3) L. monocytogenes transmission of infection in humans is usually dependent on its ability to survive and multiply in various environments. Several regulatory mechanisms have been posited for its ability to respond to and survive under rapidly changing conditions, including its transcriptional level of stress resistance, environmental survival, and virulence. 4) The genus Bifidobacterium belongs to probiotics, which are used in the prevention and treatment of diarrhea, 5) ulcerative colitis, 6) and gastrointestinal disorders. 7) By liberating lactic acid, acetic acid, and H 2 O 2 , Bifidobacterium inhibits the survival and growth of various foodborne pathogens in vivo and in vitro. Extracellular proteins secreted by Bifidobacterium, such as serpin and p38, are known to be responsible for enhancement of mucosal barrier and modulating the gutassociated lymphoid tissue (GALT) immune function in animal and cellular models. 8) One important mechanism of inhibition of foodborne pathogens by probiotics is the induction of transcriptional changes in virulence and adhesion genes. When Escherichia coli O157:H7 were grown in LB broth plus 10% (v/v) Lactobacillus acidophilus La-5 cell-free spent medium fraction 33, the expression of important virulence-related genes was statistically significantly downregulated, e.g., tir, espA, fliC, espD, luxS, eaeA, ler, hlyB, and qseA.
9) Preincubation with sub-lethal doses of L. rhamnosus GG resulted in the downregulation of stx genes in E. coli O157:H7 EDL 933.
10) The stx2A gene of E. coli O157:H7 EDL 933 was downregulated when the pathogen was co-incubated with sub-lethal concentrations of probiotic strains, including B. thermophilum, B. boum, B. suis, and B. animalis.
5)
The important virulence factors, including actA, hly, iap, inlA, and plcA, are thought to have special roles in L. monocytogenes pathogenesis. [11] [12] [13] [14] [15] Virulence factor actA is involved in two important aspects of Listeria pathogenesis: actin-based motility and host cell tropism and invasion. 11) hly encodes listeriolysin O which is essential for vacuolar lysis and entry into the cytosol. 12) iap encodes invasion-associated secreted endopeptidase, which has murein hydrolase activity. 13) inlA has an important function in bacterial invasion by enterocytes. 14) plcA is known to play a significant role in mediating the escape of L. monocytogenes from phagosomes of primary murine macrophages. 15) In B. longum, ffh, oppA, pbpA, BL0959, and serpin are thought to be stress fitness genes. [16] [17] [18] [19] [20] [21] [22] The gene ffh is involved in protein export, cellular membrane biogenesis, and the acid tolerance response. 16, 17, 19, 20) The gene oppA encodes the solute binding protein of the ABC transporter system for oligopeptides belonging to one of two different transport systems.
18) The gene pbpA encodes the penicillin-binding protein transpeptidase, while BL0959 encodes fructose-6-phosphate phosphoketolase, which is involved in cell division and sugar catabolism in bifidobacteria respectively. 19, 20) The gene serpin encodes serine protease inhibitor, which was found to be involved in the regulation of a wide spectrum of physiological processes. 8, 21, 22) In this study, the effect of co-incubating probiotics with foodborne pathogens was investigated using B. longum NCC2705 as a probiotic model and L. monocytogenes as a foodborne pathogen model. The changes in the transcriptional levels of several virulence-related genes, including actA, hly, iap, inlA, and plcA of L. monocytogenes, in the presence of B. longum NCC2705 were studied. Several genes of B. longum involved in survival and stress fitness were also investigated. The studies were performed by comparative real-time PCR.
Materials and Methods
Bacterial strains and growth conditions. The strains used in this study, L. monocytogenes CMCC54001 and B. longum NCC2705, were provided by the National Center for Medical Culture Collection (CMCC) of China and the Nestle Research Center (Lausanne, Switzerland) respectively. Both stocks were stored at À80 C in appropriate media supplemented with 30% (v/v) glycerol and subcultured twice on fresh agar plates before use. A single colony of L. monocytogenes was subcultured aerobically in LB broth (Gibco, Grand Island, NY) with shaking (180 rpm) at 37 C for 18 h. Similarly, B. longum NCC2705 was cultured under anaerobic conditions in MRS broth (Difco Laboratories, Detroit, MI) containing 0.05% L-cysteine. When the culture grew to optical densities at 600 nm (OD 600 ) of 0.3 and 1.8 respectively, the cells were harvested by centrifugation at 8,000 rpm for 5 min, washed twice, and resuspended in equal volumes of sterile PBS (0.01 M, pH 7.4). The cell concentration was adjusted to approximately 10 9 CFU/mL according to the corresponding curve of absorbance and the viable count (OD 600 % 0.24 for L. monocytogenes and OD 600 % 1.0 for B. longum). L. monocytogenes CMCC54001 (1 mL) and B. longum NCC2705 (1 mL) were co-incubated under anaerobic conditions at 37 C for 2 h as the test group. As control, an equal volume of L. monocytogenes CMCC54001 and B. longum NCC2705 were incubated separately and mixed together thereafter.
Effect of co-incubation on bacterial survival. The effect of co-incubation of L. monocytogenes CMCC54001 and B. longum NCC2705 on the survival rate was established. The control groups consisted of individual microorganisms grown separately and the test group consisted of a mixture of them. The cell numbers of L. monocytogenes CMCC54001 and B. longum NCC2705 in the test and the control group were determined by standard plate counting. Starting at 10 9 cells of L. monocytogenes CMCC54001 and B. longum NCC2705, serial dilutions with PBS were spread on LB and on MRS agar medium respectively.
Preparation of whole-cell protein extract. Cell pellets of the test and the control group were collected by centrifugation at 8,000 rpm for 3 min. The cells were lysed by sonication for 10 min (cycles of 5 s sonication followed by a 5-s rest) on ice with a Scientz-II D sonifier 450 (Xinzhi Bio, Ningbo, China) set at a 20% duty cycle. The proteins were precipitated by incubation with 10% trichloroacetic acid (TCA) for 10 min. The samples were centrifuged at 12,000 rpm for 10 min, and the precipitates were solubilized in 10% methyl alcohol and 0.1% trifluoroacetic acid (TFA) in a 10-min incubation. Then they were centrifuged for 10 min at 12,000 rpm, and the supernatant was collected as whole-cell protein extract. All the experiments were performed at room temperature.
HPLC apparatus and method. Reversed-phase chromatography was done using an Agilent 1200 HPLC system (Agilent Technologies, Waldbronn, Germany) consisting of a binary pump with an inline degasser, a thermostatted well-plate auto sampler, and a diode array ultraviolet (UV)-visible detector. Separation was done on a Zorbax 300SB-C18 column (4:6 Â 150 mm, 3.5 mm particles, Agilent Technologies, Palo Alto, CA). For each sample, 20 mL was injected, and the gradient elution was carried out from 10% to 90% of methanol over 15 min at a flow rate of 1.0 mL/min at 30 C. Detection was based on the UV absorbance at 280 nm, and the peaks were integrated using Agilent Chemstation Software V9.0 (Agilent Technologies, Palo Alto, CA).
SDS-PAGE analysis. Protein was prepared as described above, and then mixed with equal volumes of 2 Â loading buffer, and boiled for 3 min. The samples were separated by 15% SDS-PAGE (Bio-Rad, Richmond, CA) following the standard procedures. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 and destained using a solution containing 40% (v/v) methanol and 7% (v/v) acetic acid. The molecular masses of the protein were estimated with ProteinRuler III marker (Trans, Beijing, China).
RNA extraction and cDNA synthesis. Total RNA samples were extracted using TRNzol Total RNA Reagent (Catalog no. DP405-02, Tiangen, Beijing, China) following the manufacturer's procedure, with some modifications. In brief, the cells were precipitated by centrifugation at 8,000 rpm for 3 min at room temperature. The cell pellets were resuspended in 300 mL of lysis solution (sodium acetate 2.7 g, SDS 5 g, and EDTA 0.34 g per L of deionized water, pH 5.5) at room temperature. Glass beads (0.4 g, 0.1 mm in diameter, BioSpec Products, Bartlesville, OK) were added into the cell suspensions, and the samples were vortexed for 5-10 min to break the cells. The samples were centrifuged at 12,000 rpm for 10 min, and the supernatant (200 mL) was collected and mixed vigorously for 15 s with 1 mL of TRNzol reagent. Precooled chloroform (0.2 mL) was added into 1 mL of TRNzol reagent and the samples were mixed vigorously for 15 s. The samples were centrifuged at 12,000 rpm for 15 min at 4 C and the upper aqueous phase was carefully removed without disturbing the lower phase. An equal volume of precooled isopropyl alcohol was added and mixed in, and the samples were incubated at À20 C for 30 min and centrifuged at 12,000 rpm at 4 C for 10 min. The supernatant was completely removed and the RNA pellet was washed with 75% precooled ethanol. Finally, the RNA pellet was air dried and dissolved in 30 mL of RNase-free water.
Synthesis of cDNA was done using a Quantscript RT Kit (Catalog no. KR103-03, Tiangen, Beijing, China) following the manufacturer's instructions for rigorous RNase treatment. Briefly, the reaction mixture contained 5 mL of 10 Â RT mix (containing RNasin and DTT), 5 mL of 2.5 mM hyperpure dNTPs, 5 mL of 10 mM Random primers, 2.5 mL of Quant Reverse Transcriptase, 27.5 mL of RNase-free water, and 5 mL of template RNA in a total volume of 50 mL. cDNA synthesis was performed at 37 C for 60 min. The negative controls were treated in the same way to eliminate the possibility of genomic DNA contamination (no reverse transcriptase reactions) and to eliminate the possibility of contamination of the reverse transcriptase reagents (no RNA template reactions).
Real-time PCR. PCR primers (Table 1) were designed using Oligo 6.0 software (Molecular Biology Insights, Cascade, CO) and synthesized by Invitrogen China (Shanghai, China). The 16S rRNA and purB 23) genes were used as housekeeping genes for L. monocytogenes and B. longum respectively. Real-time PCR was done using a commercial kit (RealMasterMix, SYBR Green, Tiangen, Beijing, China). 1 mL cDNA template at 25 mL final volume, containing 10 mL of 2:5 Â RealMasterMix (containing Hotmaster Taq DNA polymerase and ROX reference dye), 1.25 mL of 20 Â SYBR solution, 200 nM of each primer, and nuclease-free water. Amplification and detection were carried out on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). The real-time PCR conditions were as follows: 1 cycle at 95 C for 2 min, and 45 cycles at 95 C for 20 s, 60 C for 30 s, and 68 C for 30 s. Melt-curve analysis involved heating the products to 95 C for 1 min, followed by cooling to 55 C and slow heating to 95 C with monitoring of fluorescence. Relative mRNA levels were determined by comparative critical threshold (Ct) real-time PCR (separate tube), as described by Applied Biosystems User Bulletin no. 2 (P/N 4303859).
Statistical analysis. Unless otherwise specified, all experiments were repeated in triplicate. All data were analyzed with the aid of the statistics programs of SigmaPlot 11.0 (Systat Software, San Jose, CA).
Results

Real-time PCR validation and controls
In this study, target gene expression relative to the endogenous controls was analyzed by the comparative C T (2 ÀÁÁCT ) method. Two housekeeping genes, 16S rRNA and purB, were used as endogenous control for L. monocytogenes and B. longum respectively. The results indicated that the Ct values of 16S rRNA and purB were not significantly different as between the control and the test group (p > 0:05), and similar amplification efficiencies (90%-110%) were observed as between the target genes and the endogenous controls. In addition, no Ct values were obtained after 40 cycles of PCR for the no-reverse-transcriptase control or the no-RNA-template control. The specificity of all the primers was verified by melt curve analysis.
Effect of co-incubation on bacterial survival
The effect of co-incubation on bacterial survival was investigated. As shown in Fig. 1 , no significant differences existed in co-incubation of the two microorganisms or in separate incubation (p > 0:05). The cell counts of L. monocytogenes CMCC54001 (Fig. 1A) and B. longum NCC2705 (Fig. 1B) maintained in the same level, providing a basis for ascertaining the interaction of the probiotic and the pathogen. This indicates that coincubation of the two species did not result in a decrease of either, and this is meaningful in understanding the subsequent changes in the transcriptional levels of the two microorganisms during co-incubation. 
Effect of co-incubation on protein expression
To compare the protein expression profiles of L. monocytogenes CMCC54001 and B. longum NCC2705 under co-incubation and separate incubation, reversedphase HPLC and SDS-PAGE were used. As shown in Fig. 2 , one visible differential peak was observed at a retention time 13 min 45 s (broken-line rectangle in Fig. 2A and B) . To obtain more detailed information, that peak was magnified as shown in Fig. 2C and D, and an obvious peak appeared in the control group as compared to the test group (indicated by black arrows). The SDS-PAGE results revealed that two differential protein bands (indicated by black arrows) were present (Fig. 3) . These results suggest that differential expression of the proteins was caused by co-incubation, and that further investigation is needed to elucidate the source of this effect.
Effect of B. longum NCC2705 on L. monocytogenes CMCC54001 gene expression
The effect of B. longum NCC2705 on L. monocytogenes CMCC54001 gene expression was determined by real-time PCR (Fig. 4) . Compared with the housekeeping gene 16S rRNA of L. monocytogenes, all gene expression was downregulated, and this effect was gene specific. Expression of the actA, hly, inlA, and plcA genes was significantly downregulated (p < 0:05), while iap expression was not significantly different (p > 0:05).
Effect of L. monocytogenes CMCC54001 on B. longum NCC2705 gene expression
The effect of L. monocytogenes CMCC54001 on B. longum NCC2705 gene expression is shown in Fig. 5 . The expression of oppA and serpin was significantly increased in the co-incubated sample as compared to control (p < 0:05). The expression of ffh was a little lower than the control, while the BL0959 and pbpA were slightly upregulated, but there was no statistically significant difference in the expression of these three genes as compared to control (p > 0:05).
Discussion
Probiotics are known for their inhibition of the growth and survival of various foodborne pathogens. Various studies have suggested that probiotics or their secreted factors such as organic acids downregulate the transcriptional levels of virulence genes in E. coli O157:H7, 5, 9, 10, 24) but the specific role of probiotics in L. monocytogenes virulence-related gene expression has not been well described.
In the present study, we chose B. longum NCC2705 as a model probiotic bacterium to investigate its effect on virulence-related gene expression in L. monocytogenes CMCC54001. Meanwhile, understanding how foodborne pathogens affect probiotics, particularly the effect on survival and stress fitness gene expression, is necessary in order to define the mechanism of interaction between probiotics and foodborne pathogens. Most previous studies focused on the mechanisms of action of probiotics and foodborne pathogens based on various stress indicators such as level of acid, osmotic pressure, oxidation, energy metabolism, temperature, and other indicators. 17, 25, 26) In one study, after long-term adaptation to acid and salt stress, the relative transcription of some virulence genes was repressed and some stress response genes were induced in enterohemorrhagic E. coli. 25) B. longum BBMN68 showed changes in the mRNA abundance of the ffh, uvrA, groES, and dnaK genes as a function of acid-adaptation. 17) Variable stress and virulence gene expression was observed in E. coli O157:H7 on Romaine lettuce throughout a low-temperature storage period. 26) In our study, several stress fitness genes involved in transport and metabolism were chosen to determine the effect of L. monocytogenes CMCC54001 on B. longum NCC2705 gene expression. Growth culture, cell-free spent medium, and organic acids produced by the probiotics downregulated some virulence-related gene expression. 5, 9) However, to our knowledge, the influence of probiotic cells alone on foodborne pathogens has not been investigated. In this study, we established that expression of the actA, hly, inlA, and plcA genes, which are associated with invasive capacity, were significantly downregulated all of B. longum NCC2705 and L. monocytogenes CMCC54001 were co-incubated. These molecular-level observations can be used to explain the ability of Bifidobacterium strains to block the invasion of foodborne L. monocytogenes. 27) Interestingly, only the expression of the iap gene did not significantly increase (Fig. 4) , due to the survival stability of L. monocytogenes even under the challenge of Bifidobacterium when co-incubated (Fig. 1A) . Similarly, Wuenscher et al. stated that the iap gene of L. monocytogenes might play a role in cell viability, 13) which coincides with our results. In addition, the expression of oppA and serpin was significantly increased (Fig. 5) . However, Ruiz et al. reported that oppA of B. longum was a post-translational regulator of peptide transport, but not a transcription regulator in an in vitro bile environment. 18) Previous studies have indicated that serpin is involved in multiple regulatory functions, including fibrinolysis, modulation of inflammatory response and cell apoptosis.
28) The increasing gene expression of serpin might explain the inhibitory effect of B. longum NCC2705 on L. monocytogenes CMCC54001 during co-incubation.
The present study provides evidence that B. longum cells interfere with the transcriptional level of virulence-related genes in L. monocytogenes. The mechanisms of action are unknown, but they might involve interaction of the probiotic cells with the pathogens. Our results indicate that co-incubation of B. longum NCC2705 and L. monocytogenes CMCC54001 caused changes in the levels of several virulence-related and stress fitness genes expression, and these changes might have been responsible for the inhibitory effect on the foodborne pathogens. However, more studies on interaction among probiotics, foodborne pathogens, and human intestinal epithelial cells, must be designed fully understand the mechanisms of antagonism of probiotics against pathogens. Housekeeping gene purB was used to normalize input amounts of RNA, and the levels of gene expression between co-incubated and individual bacteria were compared. The relative expression ratio for each gene is presented as a log 2 value in the histogram. A ratio greater than zero (>0) indicates upregulation of gene expression, and a ratio below zero (<0) indicates downregulation. Error bars represent standard deviations from triplicate analyse of each sample. # means significant difference (p < 0:05).
